A high-performance liquid chromatographic method with gradient elution and diode-array detection was developed to quantify free phenolic acids (gallic, vanillic, chlorogenic, caffeic, syringic, p-coumaric, ferulic, sinapic, salycilic, elagic and trans-cinnamic), flavonoids (catechin, epicatechin, rutin, myricetin and quercetin) and juglone in walnut leaves. Chromatographic separation was performed on a Hypersil Gold C18 column (5 mm particle size, 250 3 4.6 mm) and detection was conducted at three different wavelengths (254, 278 and 300 nm) according to the absorption maxima of the analyzed compounds. Validation procedures were conducted and the method was proven to be precise, accurate and sensitive. The developed method has been applied to analyze walnut leaves samples from nine different cultivars, with the same agricultural, geographical and climatic conditions. The experimental results revealed high concentrations of myricetin, catechin hydrate and rutin, and low concentrations of quercetin and epicatechin aglycones. Ellagic acid was established as the dominating phenolic acid of walnut leaves, followed by trans-cinnamic, chlorogenic and caffeic acids. Juglone content varied between 44.55 and 205.12 mg/100 g fresh weight. Significant differences were detected among cultivars for the concentration levels of phenolics.
Introduction
Phenolic compounds are secondary metabolites of plants and are generally involved in the defense against ultraviolet radiation or aggression by pathogens (1, 2) . They have been associated with diverse functions, including nutrient uptake, protein synthesis, enzyme activity, photosynthesis, structural components and allelopathy (3) .
Several thousands of natural polyphenols have been identified in plants, many of them in plant foods, although a more limited number are at significant levels in most human diets. Dietary intake of phenolics is estimated to be approximately one gram per day. This is significantly higher than that of all other dietary antioxidants, including vitamin C, vitamin E and carotenoids (4) . Several studies showed that phenolic compounds are the major bioactive phytochemicals with human health benefits.
The term "plant phenolics" encompasses simple phenols, phenolic acids, coumarins, flavonoids, stilbenes, hydrolyzable and condensed tannins, lignans and lignins (3) .
Phenolic acids comprise two primary groups, both of which are hydroxy derivatives of aromatic carboxylic acids: benzoic acid and cinnamic acid. They differ according to the number and position of hydroxylations and methoxylations of the aromatic ring (5) . The most common hydroxycinnamic acids are caffeic, p-coumaric and ferulic acids, which frequently occur in foods as simple esters with quinic acid or glucose. Probably the most well-known bound hydroxycinnamic acid is the chlorogenic acid, which is a combination of caffeic and quinic acids. Hydroxybenzoic acid derivatives are primarily present as glucosides; p-hydroxybenzoic, vanillic and protocatechuic acids are most common (2) . Phenolic acids occur in plants at different concentrations, and each plant sample could be specific enough for the presence of different phenolic acids and their derivates in combination with the other groups of phenolics (6) .
Flavonoids are a large family of compounds (over 4,000 flavonoids have been identified) synthesized by plants that are categorized, according to chemical structure, into flavonols, flavones, flavanones, isoflavones, anthocyanidins and flavanols (catechins and proanthocyanidins) (1) . Apart from their physiological roles in plants, flavonoids are considered to be important components in the human diet, although they are generally considered non-nutrients. Flavonoid intake can range between 50 and 800 mg a day, depending on the diet: consumption of vegetables, fruits, red wine, tea and unfiltered beer. Another significant source of flavonoids includes different medicinal plants and related phytomedicines (3) .
Epidemiological data suggest that the consumption of plantderived antioxidants such as flavonoids and phenolic acids prevents various diseases. Phenolic acids show a broad spectrum of pharmacological activity; they have antioxidant, antimutagenic, antitumor and anticarcinogenic properties (5, 7). They have also been found to possess antiviral and antibacterial properties (6) . Also, several pharmacological effects have been ascribed to flavonoids, such as central vascular effects and antiinflammatory, antihepatotoxic, antitumor, antimicrobial, antiviral and enzyme-inhibiting activities (8) .
Walnut leaves have widely been used in folk medicine for treatment of venous insufficiency and hemorrhoidal symptomatology, and for their antidiarrheic, antihelmintic, depurative and astringent properties. Keratolytic, antifungal, hypoglycemic, hypotensive, anti-scrofulous and sedative activities have also been described (9) (10) (11) . Several of these traditionally attributed actions may be due to tannins known to occur in these leaves, but also to several phenolic compounds, namely flavonoids and phenolic acids (8) . Different works have investigated the phenolic composition and the antimicrobial and antioxidant properties of walnut leaves (8, 9, 12 -15) .
Phenolic acids, flavonoids and naphthoquinones are the primary phenolic compounds in walnut leaves. One constituent in particular that is unique to walnuts, juglone (5-hydroxy-1, 4-napthoquinone), is a chemical compound released by walnut trees, which can be toxic at various levels to several plant species. Juglone is present in considerable amounts in all green and growing parts of the tree and unripe hulls of the nuts, whereas the juglone level in kernels is either low or absent (16) .
The determination of phenolic compounds in walnut leaves is important both for their characterization and to facilitate more efficient uses of this important plant resource.
There are several methods for the determination of phenolic acids and flavonoids in plants and foods. These include thinlayer chromatography (TLC) (17), gas chromatography (GS) (18) , high-performance liquid chromatography (HPLC) alone or coupled with mass spectrometry (MS) (5 -8, 12, 19-25) , capillary electrophoresis (CE) (2, (26) (27) (28) (29) and micellar electrokinetic chromatography (MEKC) (30, 31) . In the last 20 years, HPLC has been the analytical technique that has dominated the separation and characterization of phenolic compounds (32, 33) .
In the present work, a new reversed-phase HPLC method with diode array detection was developed for the identification and quantification of 17 major phenolic compounds; namely, phenolic acids (gallic, vanillic, chlorogenic, caffeic, syringic, p-coumaric, ferulic, sinapic, salycilic, elagic and trans-cinnamic acids), flavonoids (catechin hydrate, epicatechin, rutin, myricetin and quercetin) and juglone that are present in walnut leaves. The method was applied to walnut leaves of nine different cultivars growing under the same agricultural, geographical and climatic conditions.
Materials and Methods

Chemicals
Standards of phenolic acids (gallic, vanillic, chlorogenic, caffeic, syringic, p-coumaric, ferulic, sinapic, salycilic, elagic and transcinnamic), flavonoids (catechin, epicatechin, rutin, myricetin and quercetin) and juglone were purchased from Sigma-Aldrich (Germany).
Methanol (HPLC gradient grade) was purchased from Baker (Netherlands), acetic acid (HPLC grade) was purchased from Merck (Germany) and 2,6-di-tert-butyl-4-methylphenol, butylhydroxytoluene (BHT) was from Sigma-Aldrich (Germany). Water used throughout the experiments was obtained from an SG water purification system (Germany).
Samples
Studies were conducted on walnut leaves from nine cultivars (Fernette, Vina, Muscelean, Fernor, Pedro, Valrex, Orastie, Hartley and Valcor). Fresh leaves of the different cultivars were collected on July 15, from an experimental plantation at Ramnicu Valcea (Romania) research station (located at 458 07 0 N / 248 22 0 21 00 E), and preserved by freezing at -408C. All samples were extracted and analyzed in triplicate. Intergenotype significance of differences was calculated according to the LSD test. Data were reported as means + standard error of the mean. Differences at P 0.05 were considered to be statistically significant.
Sample preparation
Walnut leaves were finely chopped and phenolics were extracted from 1,000 mg samples in a DK 102p Bandelin ultrasonic bath with 20 mL methanol and 1% BHT at 258C for 40 min. Extracts were centrifuged at 1,200 Â g and the supernatants were filtered through a 0.2 mm polyamide membrane and stored at -208C.
HPLC equipment HPLC analyses were performed on a Finningan Surveyor Plus system (Thermo Electron Corporation, San Jose, CA) including a vacuum degasser, a Surveyor Plus LCPMPP pump, a Surveyor Plus ASP autosampler and a PDA5P diode array detector with 5 cm flow cell and with Chrom Quest 4.2 system manager as data processor. Separation was achieved by a reversed-phase Hypersil Gold C18 column (5 mm particle size, 250 Â 4.6 mm) provided by Thermo Electron Corporation.
Chromatographic analysis of phenolic compounds
The mobile phase consisted of 1% aqueous acetic acid solution (A) and methanol (B). Samples were eluted with the following gradient: 90% A from 0 to 27 min, from 90 to 60% A in 28 min, 60% A for 5 min, from 60 to 56% A in 2 min, 56% A for 8 min, from 56 to 90% A in 1 min and 4 min 90% A to re-establish the initial conditions, before the injection of another sample. All gradients were linear. The flow rate was 1 mL/min and the injection volume was 5 mL. Column temperature was maintained at 208C.
Chromatograms were acquired at three different wavelengths (254, 278 and 300 nm) according to absorption maxima of analyzed compounds.
Each compound was identified by its retention time and by spiking with standards under the same conditions. The identities of constituents were also confirmed with a photodiode array (PDA) detector by comparison with ultraviolet (UV) spectra of standards in the wavelength range of 220 -450 nm. Each compound was quantified according to the peak area measurements, which were reported in calibration curves of the corresponding standards. Data are reported as means + standard deviations of three independent analyses.
Validation of the HPLC method
The following requirements related to linearity, limits of detection (LODs) and quantification (LOQs), accuracy and precision were taken into account in the validation process.
Linearity
The linearity of the detector response ( peak area versus concentration) was evaluated by preparing five mixed calibration solutions (S1-S5). Each standard solution was injected in triplicate into the HPLC system and the calibration curves were established by plotting peak areas against the corresponding concentrations for each standard compound. The correlation coefficients were used as the measure of linearity.
LOD and LOQ
The LOD and LOQ of the individual compounds were calculated based on a signal-to-noise (S/N) ratio . 3, using the following formulas:
The S/N ratio was calculated by the Chrom Quest 4.2 software.
Precision
The repeatability of the retention times was determined from all injections of the five mixed calibration solutions made for linearity and were expressed by relative standard deviation (RSD).
Peak areas were checked for repeatability at two concentration levels by injecting the mixed standard solutions S1 and S4 into the HPLC system and calculating the RSD for 10 replicate determinations.
The precision (repeatability) of the method was evaluated based on the results for walnut leaves samples, calculating the average RSDs of peak areas obtained at three different times with six repetitions.
Accuracy
The accuracy, which was described as the percentage recovery of all analytes, was evaluated at two concentration levels by spiking the investigated walnut leaves extracts with mixed calibration solutions (S2 and S5). Three samples were prepared for each level. The contents of investigated compounds were previously determined in the extract of non-spiked walnut leaves. For each phenolic compound, the recovery was calculated based on the ratio of the obtained amount in the spiked extract to the calculated amount (sum of the amounts originating from extract and standard).
Results and Discussion
Validation of the HPLC method A chromatogram of the external standard mixture recorded at 278 nm is presented in Figure 1 . As shown in the chromatogram, all investigated compounds had responses at 278 nm, where they were successfully separated. The constituents under investigation were also identified by the recorded absorption spectra, which were comparable both for extracts of walnut leaves and standard substances.
The regression equation and linearity range for each compound, together with LOD and LOQ values, are shown in Table I . Good response linearity was obtained for all compounds (R 2 . 0.9987) in the ranges of standard concentrations analyzed by using the wavelengths of maximum absorption (Table I) .
The repeatability of the retention times for all standards was below 1% and the repeatability of peak areas for S1 and S4 standards was below 2%. Also, the RSDs of the results for samples of walnut leaves were all less than 2%, proving the precision of the method, while the recoveries were very high (more than 89.8%) for all analytes, proving the method's accuracy.
By analyzing the results presented in Tables I and II , it can be concluded that the developed method is precise, accurate and sensitive enough for the simultaneous quantitative evaluation of the investigated phenolic compounds in walnut leaf extracts.
Under the described chromatographic conditions, this method enabled accurate resolution of the mixture of 17 phenolics commonly encountered in plant material, including those that are most abundant. This method was applied in routine measurement of the phenolic contents of walnut leaves from nine cultivars: Fernette, Vina, Muscelean, Fernor, Pedro, Valrex, Orastie, Hartley and Valcor.
Analysis of walnut leaves samples
A chromatogram of walnut leaf extract is presented in Figure 2 . As shown in the figure, this method enabled very good resolution of all phenolic compounds of interest in these samples.
The contents of investigated phenolic compounds was expressed in mg/100 g fresh weight (FW) as a mean value + standard deviation (Table III) .
The results for phenolic acid contents revealed that ellagic acid was the most abundant phenolic acid in all samples, followed by trans-cinnamic and chlorogenic acids.
The ellagic acid content ranged from 38.56 to 134.54 mg/ 100 g FW, which represents a 3.5-fold difference between Pedro and Hartley cultivars. Previous experimental results have indicated that ellagic acid is a major component of walnuts (34) (35) (36) , and it has been proposed to exert anti-atherogenic, anti-carcinogenic and antioxidative properties (37 -41). Daniel et al. (42) found 59 mg/100 g ellagic acid in walnuts, and Stampar et al. (35) , after analyzing walnut husks collected at four different sampling dates, found that the content of ellagic acid ranged from 3.9 to 98.3 mg/100 g dry weight (DW). Likewise, Colaric et al. (34) found ellagic acid to be predominant in walnut kernel and pellicle (average values of 5.90 and 128.98 mg/100 g, respectively).
The amount of chlorogenic acid ranged between 3.9 and 7.14 mg/100 g FW, and there were also significant differences due to cultivars. Chrzanowski et al. Among the investigated cultivars, significantly high contents of these phenolic acids located in the top three (ellagic, transcinnamic and chlorogenic) were found in leaves of the cultivars Pedro, Valrex and Fernor. Cosmulescu et al. (44) , in a study on 12 different walnut cultivars, found the highest content of total phenolics in the leaves of Valrex, followed closely by Fernor. Additionally, in this study, walnut leaves of the cultivar Fernor showed significantly higher contents of catechin-hydrate and epicatechin, while Valrex was distinguished for having the highest contents of caffeic, p-coumaric, vanillic acids and rutin.
At lower concentrations, phenolic acids found in walnut leaves were caffeic, ferulic, sinapic, salycilic, syringic, p-coumaric, gallic HPLC Determination of Phenolic Acids, Flavonoids and Juglone in Walnut Leaves 885 and vanillic. Significant differences were also found for the contents of these compounds among various cultivars.
A recent study on naturally occurring phenolic acid mixtures extracted from the leaves of black currant, sour cherry and walnut, and from the green husks of walnut, revealed that ferulic acid was found only in J. regia (45) . This study found ferulic acid contents between 0.45 and 1.26 mg/100 g FW, values much lower than those reported by Chrzanowski et al. (43) (9 mg/100 g DW and 29.25 mg/100 g DW for walnut leaves collected in May and July, respectively). Instead, Stampar et al. (35) reported a ferulic acid content of 0.91 mg/100 g DW for green husks of walnut sampled in July.
Gallic acid was found in low amounts (0.14 -0.50 mg/100 g FW), which compared reasonably well with the content found by Chrzanowski et al. (43) in July walnut leaves (1.26 mg/100 g DW). At the same time, Chrzanowski et al.
found no syringic acid in leaves collected in July, but only in those collected in May and in green husks, while this study found low contents of syringic acid in July leaves, in the range of 0.018-1.42 mg/100 g FW.
Vanillic acid was found in the lowest concentrations and, moreover, it was not detected in leaf samples of Orastie and Hartley.
Juglone is known as the characteristic compound of Juglans spp. and is reported to occur in fresh walnut leaves (46, 47) . Lately, the interest in juglone has increased because several studies revealed that juglone exerts cytotoxic and genotoxic effects against cultured melanoma tumor cells, thus significantly decreasing the proliferation of tumor cells (48) . Also, juglone is reported to be a potential anticancer drug based on its strong inhibitory properties of the peptidyl-prolyl isomerase Pin1, a therapeutic target for anticancer research (49) . Chromatogram of an external standard mixture at l ¼ 278 nm. Peaks 1, gallic acid; 2, catechin hydrate; 3, vanillic acid; 4, chlorogenic acid; 5, caffeic acid; 6, syringic acid; 7, epicatechin; 8, p-coumaric acid; 9, ferulic acid; 10, sinapic acid; 11, salicylic acid; 12, rutin; 13, ellagic acid; 14, myricetin; 15, juglone; 16, trans-cinnamic acid; 17, quercetin. Gıˆrzu et al. (50) , by using HPLC, determined that fresh walnut leaves contain significant amounts of juglone (up to 500 mg/100 g DW), while Thakur and Cahallan (51) found that juglone content in fresh leaves collected during the first week of August was in the range of 13.1 to 1556.0 mg/100 g DW on the basis of 1,121 samples of tree leaves, with an overall mean juglone content of 357 mg/100 g DW. This study found a juglone content between 44.55 and 205.12 mg/100 g FW. The obtained results were comparable with those reported by Babula et al. (52) , who determined in Persian walnut leaves a juglone content of 200 -400 mg/100 g FW by using electrochemical methods. In healthy walnut husks, Stampar et al. (35) found higher juglone contents, ranging between 218 and 1404 mg/100 g DW, while Cheniany et al. (53) found between 21.18 and 38.47 mg juglone/100 g DW in microshoots of J. regia cultivars.
Most of the flavonoids present in plants are attached to sugars (glycosides), although they are occasionally found as aglycones (54) . Therefore, previous studies have identified and quantified the following flavonoids in walnut leaves: quercetin 3-galactoside, quercetin 3-arabinoside, quercetin 3-xyloside, quercetin 3-rhamnoside and two other partially identified quercetin 3-pentoside and kaempferol 3-pentoside derivatives (8, 9) . In this study, some flavonoids were identified and quantified as aglycones. Thus, myricetin, one of the most common flavonols, was found in concentrations between 81.01 and 230.99 mg/100 g FW. Myricetin contents in walnut leaves have not been reported in other papers, but Lugasi et al. (55) found an extremely high level of myricetin in walnut (456.5 mg/100 g), and Stampar et al. (35) found myricetin between 2.88 and 25 mg/100 g DW in walnut husks. These high amounts of myricetin can contribute to the health benefits of walnut leaves, because, apart from the potent antioxidant and free-radical scavenging activities of myricetin (56), several studies have demonstrated that myricetin exhibits favorable effects on bone health, either by decreasing bone resorption or by increasing osteoblastic activity and bone formation (57, 58) . Rutin (quercetin-3-rutinoside), another flavonoid with high antioxidant activity that inhibits DNA oxidation (56) , was also found in high amounts in walnut leaves, i.e., between 33.96 and 186.76 mg/100 g, while quercetin aglycone content was found in low concentrations, between 1.528 and 5.166 mg/100 g FW.
Conclusions
An RP-HPLC method with diode array detection was developed for determining 17 pharmacologically active phenolic compounds in walnut leaves. In previous studies, only a few individual phenolics had been determined in walnut leaves. The proposed HPLC assay showed good separation of the compounds and proved to be efficient, precise and accurate, therefore, it could be used for the simultaneous determination of phenolic acids, flavonoids and juglone present in walnut leaves.
The experimental results indicated that walnut leaves contain high concentrations of juglone, comparable to those obtained in previous studies.
Based on these results, ellagic acid was established as the dominating phenolic acid of walnut leaves. Although the other phenolic acids are present in much lower concentrations, they could contribute to a great deal to the antioxidant activity of walnut leaves.
Determinations of some flavonoids revealed high concentrations of myricetin, catechin hydrate and rutin, and low concentrations of quercetin and epicatechin aglycones.
The results show that composition is highly affected by differences in the plant genotypes. 
